Shallow-water tropical corals can be used to calibrate the radiocarbon timescale. In this paper, we present a new data set based on the comparison between 14 C ages and U-Th ages measured in fossil corals collected offshore the island of Tahiti during the Integrated Oceanic Drilling Program (IODP) Expedition 310. After applying strict mineralogical and geochemical screening criteria, the Tahiti record provides new data for 2 distinct time windows: 7 data for the interval between 29 and 37 cal kyr BP and 58 for the last deglaciation period, notably a higher resolution for the 14-16 cal kyr BP time interval. There are 3 main outcomes of this study. First, it extends the previous Tahiti record beyond 13.9 cal kyr BP, the oldest U-Th age obtained on cores drilled onshore in the modern Tahiti barrier reef. Second, it strengthens the data set of the 14-15 cal kyr BP period, allowing for better documentation of the 14 C age plateau in this time range. This age plateau corresponds to a drop of the atmospheric 14 C synchronous with an abrupt period of sea-level rise (Melt Water Pulse 1A, MWP-1A). The Tahiti 14 C record documents complex changes in the global carbon cycle due to variations in the exchange rates between its different reservoirs. Third, during the Heinrich event 1, the Tahiti record disagrees with the Cariaco record, but is in broad agreement with other marine and continental data.
INTRODUCTION
For the period covering the last 50,000 yr, the radiocarbon clock is the most widely used dating tool in disciplines such as archaeology and paleoclimatology. However, the reliability of the 14 C timescale depends on precise knowledge of past changes in the atmospheric 14 C/ 12 C ratio. This ratio is controlled by variations in the 14 C production rate due to changes in the Earth's magnetic field and/ or variability of solar activity, as well as rearrangements between the different reactive reservoirs of the carbon cycle. Accurately and independently dated records of past atmospheric 14 C concentration (usually expressed as  14 C, the decay-corrected deviation, in ‰, from the standard pre-industrial atmospheric 14 C concentration, see Stuiver and Polach 1977) are thus essential to correct for these 14 C fluctuations through time and therefore calibrate the 14 C timescale. In turn, this calibration curve provides crucial information to compute past variations in atmospheric 14 C production rate, and to constrain the exchanges of carbon between surface reservoirs (atmosphere, biosphere, and ocean) or to reconstruct past fluctuation of oceanic circulation and ventilation.
For the Holocene period, the 14 C timescale is reliably calibrated through the use of dendro-dated tree rings. This approach provides continuous records of past atmospheric 14 C from present day to 12,594 cal kyr BP (Friedrich et al. 2004b; Schaub et al. 2008b) . Additional floating tree-ring sequences extend the tree-ring record back to about 14 cal kyr BP (Friedrich et al. 2004a; Schaub et al. 2008a,b; Hua et al. 2009 ). Older floating series are available, but they remain too scarce, and their distribution too patchy, to produce a continuous record Palmer et al. 2006; Stambaugh and Guyette 2009) . Beyond the range of the tree-ring record, and with the exception of terrestrial macrofossils (leaves, branches, and insects) recovered in varved lacustrine sediments (Gos-lar et al. 1995; Kitagawa and van der Plicht 2000) , 14 C calibration is mainly derived from continental or marine carbonate archives: speleothems (e.g. Hoffmann et al. 2010; Southon et al. 2012) ; corals (e.g. Bard et al. 1990a,b; Edwards et al. 1993) ; and foraminifera (e.g. Hughen et al. 1998 Hughen et al. , 2006 Bard et al. 2004a,b; Shackleton et al. 2004 ). However, these records do not provide a direct measurement of atmospheric 14 C content. Speleothem records, for example, must be corrected for a significant contribution of dead (or geologic) carbon, with the questionable assumption that this dead carbon fraction did not significantly vary over the glacial cycle (Hoffmann et al. 2010; Southon et al. 2012) . For marine archives, the raw data need to be corrected for the marine reservoir age effect that accounts for the difference between the atmosphere and local seawater 14 C, which is due to the balance between the rate of air-sea gas exchanges and the mixing of 14 C-depleted subsurface waters. Moreover, this effect may have varied in the past and can be site-specific (Bard 1988) . Still, marine archives present the advantage of covering the complete 14 C time window. In this respect, fossil corals have been regarded as one of the best candidates for extending the 14 C calibration because they are the most suitable material for combining high-accuracy and -precision U-Th dating and 14 C age measurements (Bard et al. 1990a (Bard et al. ,b, 1993 Edwards et al. 1993; Cutler et al. 2004; Paterne et al. 2004; Fairbanks et al. 2005) . This approach, however, is limited by the scarcity of adequate coral sequences that cover the 14 C timescale beyond the tree-ring records: corals that thrived during the last glaciation or during marine isotope stage 3 are now as much as 100 m below present sea level.
In this paper, we present a new data set based on paired 14 C and absolute U-Th dating of fossil shallow-water tropical corals collected during the Integrated Oceanic Drilling Program (IODP) Expedition 310 "Tahiti Sea-Level" (Camoin et al. 2007a,b) . This international offshore drilling campaign, conducted on the Tahiti reef slope, recovered well-preserved high-resolution coral sequences that cover key intervals of the last glacial cycle (Thomas et al. 2009; Deschamps et al. 2012 ). More specifically, this new data set encompasses the part of the last deglaciation that was marked by the transition between Heinrich event 1 and the Bølling warming that was synchronous with the Melt Water Pulse 1A (MWP-1A) event, a dramatic ice-sheet collapse that occurred 14.65 kyr BP ago. This rapid sea-level rise of about 14 m in less than 350 yr ) very probably disturbed oceanic thermohaline circulation (McManus et al. 2004 ) and consequently ocean ventilation. The sequence of abrupt climatic events, i.e. the Bølling warming and the MWP-1A event, that punctuated this time interval, included perturbations of the global carbon cycle, marked by the increase of atmospheric CO 2 (Lourantou et al. 2010) or variations in the  14 C records (Reimer et al. 2009 ). Establishing an absolute and accurate chronological framework of the different climatic archives (marine, continental, ice) that cover this key period of the last deglaciation is thus pivotal for understanding the temporal and causal relationship between theses abrupt climatic events. However, this requires a calibration of the 14 C scale because most of these archives are 14 C dated. As pointed out by the IntCal Working Group (Stuiver et al. 1998; Hughen et al. 2004c; Reimer et al. 2004 Reimer et al. , 2009 ), some questions related to the resolution and accuracy of the calibration curve remain unresolved for this period. Indeed, for the onset of the deglaciation period, from 17.5 to 14 cal kyr BP, there are important discrepancies between the different marine sediment records, i.e. between the Iberian Margin record and the Cariaco Basin record, and also between the Cariaco Basin record and the coral data sets (Reimer et al. 2009 ). The inconsistency of these records within this interval may ultimately reflect changes in pool-to-pool 14 C gradients and therefore may provide valuable insights into ocean ventilation and carbon cycle dynamics. In this paper, we will discuss the implications of the new Tahiti data set for the calibration of the 14 C timescale for the crucial 14-17.5 cal kyr BP period, as well as its implication for constraining past variation of marine reservoir ages.
MATERIAL AND METHODS

Sites and Samples
The IODP "Tahiti Sea Level" Expedition (IODP 310) (October-November 2005) recovered coral samples from submerged fossil reefs at 3 different locations around Tahiti Island (Faaa, Tiarei, and Maraa, Figure 1 ). A total of 37 boreholes were drilled at 22 different sites at water depths ranging from 41.6 to 117.5 m. More than 600 m of reef cores were retrieved from 41.6 to 161.8 m below sea level, with an exceptional recovery (>90% of carbonate rocks) and well-preserved original coral frameworks (Camoin et al. 2007a,b) . Preservation of the primary reef framework was enhanced by the rapid colonization of encrusting algae and microbialithe shortly after the corals died. These organisms also potentially "shielded" the corals from diagenetic alteration. The reef sequences cover most of the last deglaciation period. Various species of corals (mainly Porites and Pocillopora sp.) were selected and dated in 22 different holes from 13 sites ( Figure 1 ). The collected coral material provides a continuous and detailed record of sea-level rise during the key period encompassing the MWP-1A event and demonstrates that this rapid collapse of former ice sheets was synchronous with the Bølling warming . Material older than the Last Glacial Maximum was also recovered at each of the 3 locations (Camoin et al. 2007a,b) and several cores contained pre-LGM corals suitable for U-Th dating (Thomas et al. 2009 ), including well-preserved samples from marine isotope stage 3. Camoin et al. 2007a,b) . Only the drill sites that have been sampled for this study are shown, with their associated boreholes.
X-Ray Diffraction
Before 14 C and U-Th analyses, powder X-ray diffraction (XRD) analyses were performed for each coral sample, in order to select pristine aragonitic coral skeletons and avoid those containing diagenetic calcite that may alter original ages. We used a calibration method optimized for the detection and quantification of very low amounts of secondary calcite. The procedure, implemented at CEREGE, is described in detail in Sepulcre et al. (2009) . An aragonite-calcite calibration curve was assessed on 2 different XRD instruments at CEREGE (Philips PW 3710 and Philips X'PERT PRO), by means of 19 gravimetric standard mixtures containing 0.3 to 95% pure calcite. A Mg-calcite/calcite calibration was also performed using 10 standards between 5% and 90% calcite. The XRD peak areas were used for precise quantification of low amounts of calcite (<3%) rather than peak heights alone, as the best reproducibility was obtained with the peak area ratios. Indeed, a calibration based on peak heights may underestimate the calcite content because of the occurrence of Mg-calcite in some altered corals. Moreover, the secondary calcite can be a mixture of Mg-rich and Mg-poor calcite, leading to a flattened calcite peak with a very low height/area ratio, much broader than for pure calcite (Reimer et al. 2006) . In order to take into account the heterogeneity of natural samples, XRD measurements were carried out on 3 distinct slides for each sample. The detection limit achieved with this method is 0.2% calcite in a calcite-aragonite mixture (Sepulcre et al. 2009 ). The Tahiti coral samples were analyzed with the Philips X'PERT PRO diffractometer (Cobalt K tube, 40kV/ 40mA, Step 0.05°, time per step 10 s), which features a fixed sample, with source and detector spinning around it. XRD data were processed with the PC-APD software (Analytical Powder Diffraction, v 3.6, Philips Electronics). As discussed below, only samples that passed the "1% calcite" criterion were considered for calibration purposes (Stuiver et al. 1998; Hughen et al. 2004c; Reimer et al. 2006 Reimer et al. , 2009 .
U-Th Dating of Corals
About 2 g of coral samples were spiked with a mixed 233 U-236 U-229 Th solution, before being totally dissolved in nitric acid (for details on the preparation and calibration of the spike solution, see Deschamps et al. 2012) . Chemical separation and further purification of U and Th fractions from the sample matrix followed the procedure described previously (Edwards et al. 1987b; Bard et al. 1990c Bard et al. , 1996 : U and Th were coprecipitated with iron hydroxide by adding ammonium hydroxide, then separated and purified by successive steps on AG1-X8 anionic resin, and a last step for U on UTEVA resin. Total procedural blanks were between 11 and 44 pg for Th (mean value of 30 pg, n = 9) and between 17 and 65 pg for U (mean value of 40, n = 9). The U-Th analyses were performed at CEREGE using a VG-54 thermal ionization mass spectrometer equipped with a 30-cm electrostatic analyzer and an ion-counting Daly detector.
For U analyses, masses 233, 234, 235, and 236 were measured in peak jumping mode on the Daly detector. The 236 U/ 233 U ratio was used to monitor internally the instrumental mass bias. This strategy avoids monitoring the large 238 U ion beam, and obviates many of the problems related to gain calibration of the Daly/Faraday detectors (Deschamps et al. 2003; Stirling et al. 2007 ). For Th analyses, the techniques used were similar to those reported previously (Bard et al. 1990c (Bard et al. , 1996 . For consistency with previously published data sets, 234 U/ 238 U and 230 Th/ 238 U were computed using the conventional reference value of 137.88 for the natural 238 U/ 235 U ratio (Cowan and Adler 1976; Cheng et al. 2000) . Recent measurements have demonstrated natural variability in this ratio (Stirling et al. 2007; Weyer et al. 2008) . In particular, a value of 137.769 ± 0.011/0.024 was reported recently by Condon et al. (2010) in HU-1. However, this difference of <1‰ with the conventional 238 U/ 235 U value leads to an insignificant change in final calculated ages .
The analytical reproducibility achieved in the course of this study was assessed by replicate measurements of the NBS-960 standard, and yielded a mean value of  234 U = -36.5 ± 0.8‰ (2, n = 23), in excellent agreement with previous measurements at CEREGE ( 234 U = -36.6 ±3.7‰ [2, n = 6; Bard et al. 1996 ] and  234 U = -37.6 ± 1.9‰ [2, n = 23, Delanghe et al. 2002] ), and with values reported in the literature (Andersen et al. 2004; Deschamps et al. 2003) . Internal reproducibility was also checked by replicate U-Th measurements of several samples that all showed agreement within errors. U-Th measurements were also duplicated on several samples in parallel by the Oxford (see Thomas et al. 2009 and Henderson 2010 for an overview of methods) and CEREGE teams, which again showed agreement within error ). U-Th ages are presented in years before AD 1950, with 2 error. The precision of 230 Th/U ages generally falls within the 1.5-4‰ range (i.e. ±20-50 yr in ages in the case of postglacial samples).
C Analyses
14 C analyses were performed by accelerator mass spectrometry (AMS) at the ARTEMIS National Facility installed at Saclay, France (Cottereau et al. 2007) . Coral samples were hand-picked as millimetric grains selected randomly within the same batch used for U-Th analyses. The coral samples were cleaned by acid leaching to remove surface contamination, leading to 30% to 50% weight loss (Bard et al. 1990c ). The aim of this leaching is to remove material probably made of recrystallized phases and to avoid potential contamination by modern carbon prior to 14 C isotopic analyses. Large carbonate subsamples (10-14 mg) were then converted to CO 2 to obtain around 1 mg of C. The CO 2 extracted from samples is reduced to graphite, using iron powder as a catalyst in the presence of an excess of hydrogen (Vogel et al. 1984) , in order to produce the accelerator targets (Cottereau et al. 2007 ). 14 C ages were calculated according to Mook and van der Plicht (1999) , by correcting for fractionation with the 13 C/ 12 C ratio measured on ARTEMIS. The average machine blank obtained on pure graphite is 0.015 ± 0.008 pMC (percent modern carbon) (1, n = 168), which corresponds to an age of 71.7 ± 4.1 kyr BP. The background correction is based on measurements of an internal standard made from a fossil Tridacna shell (older than 50,000 yr) that yields a value of 0.116 ± 0.038 pMC (1, n = 60), corresponding to an age of 54.7 ± 2.6 kyr BP. Note that the uncertainty of this value is propagated in the error calculation on the ages.
Duplicate analyses were performed on 15 coral samples from different time windows: 1 sample at 10.5 kyr BP; 13 between 12 and 13.5 kyr BP; and 1 sample at 25 kyr BP ( Figure 2 ). All these replicated ages agree with each other within their 2 uncertainties. In order to further check the reproducibility, 1 sample was also analyzed 5 times ( Figure 2) ; results were again consistent within error. Replicate analyses were also performed for 5 samples at the MALT facility (Micro Analysis Laboratory, Tandem accelerator), University of Tokyo ( Figure 3A) . For 3 samples, stepwise dissolution measurements were done following procedures described by Yokoyama et al. (2000 Yokoyama et al. ( , 2007 and Yokoyama and Esat (2004) in order to check the efficiency of the chemical pretreatment. Measurements on the successive dissolution steps exhibit similar ages only after at least 10% of the sample has been leached away ( Figure 3B ). This pretreatment removes a contamination corresponding tõ 0.2 to 3% of the total pMC value. The ages obtained during these tests are in good agreement with each other, supporting the efficiency of the pretreatments applied in both laboratories ( Figure 3B ). 14 C ages are reported prior to AD 1950. We use the same correction of 300 yr for the site-specific reservoir age at Tahiti as Bard et al. (1998) .
RESULTS
A total of 77 coral samples were cross-dated by U-Th and 14 C (Tables 1 and 2). The calendar ages of the corals range from 10 to 36 cal kyr BP, including 70 dates for the deglaciation period, and 7 glacial samples with ages from 29 to 37 cal kyr BP. The new data obtained from the IODP 310 expedition extend the previous Tahiti record, based on cores drilled onshore on the modern Tahiti barrier reef, which was limited to the last 13.9 cal kyr BP (Bard et al. , 2010 . The new results are first presented and assessed in light of the different mineralogical and geochemical screening criteria, in order to check the validity of the coral ages. Then, the samples that passed all the screening criteria are compared to the IntCal data sets used for calibration of the 14 C timescale for the last deglacial period.
U-Th and 14 C Analyses: Screening Criteria
In order to detect possible postdepositional diagenesis in our samples, we used successively the screening criteria recommended by the IntCal Working Group (Reimer et al. 2002 (Reimer et al. , 2009 Hughen et al. 2004c) : calcite content; U and Th concentrations; and initial ( 234 U/ 238 U) 0 values. The selection of the samples according to the screening criteria is discussed below.
Calcite Content of the Coral Samples
As recommended by the IntCal group, samples that passed the test of <1% calcite were dated by U-Th. As an additional test, 7 post-glacial samples showing calcite content >1% were also cross-dated by U-Th and 14 C for comparison purposes (Table 2 ). There is no significant difference between the ages of contaminated samples and the closest sample free of calcite (<1%) (within the error bars) ( Figure 4 ). This suggests that the calcite alteration occurred shortly after the coral death and therefore will have little impact on the age determinations. This suggests that in the case of the Tahiti corals, the tiny amounts of calcite in the <1% samples will have no impact on the ages. There is no obvious systematic correlation between the calcite content and the U concentration and/or the  234 U ( Figure 5A ). Note that the 7 samples older than 29 cal kyr BP have <1% calcite. C measurements were performed at the ARTEMIS lab.
*Reported 14 C and U-Th age is the weighted mean of 2 or more replicates (see Deschamps et al. 2012 and Thomas et al. 2009 for U-Th ages). The left y axis is for low-calcite samples (<1%, black symbols) and the right y axis is for high-calcite samples (>1%, red symbols). Note that the y axes use different values and amplitudes for calcite content. Overall, there is no obvious correlation between the calcite content and the U concentration. B) Relationship between the 232 Th content and the U concentration in Tahiti coral samples. Left y axis is for low 232 Th samples (<3 ppb, black symbols) and right axis is dedicated to high values (>3 ppb, blue symbols). Note that the y axes use different values and amplitudes for 232 Th content. Overall, there is no obvious systematic correlation between 232 Th content and the U concentration. Samples with 232 Th >3 ppb were discarded (see text). Different symbols are used to indicate the various coral species.
U and Th Concentration
The U concentration of Tahiti offshore corals range between ~2.3 and 4.1 ppm (Table 1) . These values are within the expected range for modern corals considering the species dependence of uranium content (e.g. Zhu et al. 1993 ) and the sea surface temperature dependence (Min et al. 1995; Cardinal et al. 2001) . Indeed, the highest U contents (3.3-4.1 ppm) in this study are measured mostly in Montipora and Acropora species, in good agreement with previous work (Stirling et al. 1995; Min et al. 1995) (Figures 5A and B) . 232 Th is typically <1 ppb in modern corals (Edwards et al. 1987a; Chen et al. 1991) . 232 Th in excess of this value may be indicate the presence of detrital 230 Th, potentially inducing bias on the measured U-Th ages. In this study, Th concentrations are <1 ppb for 54 samples (including the samples with calcite content >1%), and between 1 and 7 ppb for 22 others. Only 1 sample reaches 10 ppb (Tables 1 and 2).
These higher 232 Th values could be related to the occurrence of microbialithes in the Tahiti reef sequences. Indeed, most of the samples with 232 Th >1 ppb are from the Tiarei site (except 2 samples from the Faaa site), where microbialithes may account for as much as 80% of the carbonate sequence (Seard et al. 2011 ). In any case, there is again no correlation between the 232 Th content and uranium concentration. Moreover, most samples with 232 Th >1 ppb appeared in good agreement with the other samples in terms of 14 C and U-Th ages. As a conservative precaution, we discarded 5 samples with 232 Th >3 ppb. The samples older than 20 cal kyr BP have Th concentrations <1 ppb except for 2 samples (1.62 and 1.47 ppb).
Initial ( 234 U/ 238 U) 0
The initial ( 234 U/ 238 U) 0 values calculated for our deglacial samples yielded a mean value of 1.1454 ± 0.002 (2, n = 58), falling within the most recent determinations of modern seawater and corals (Delanghe et al. 2002; Cutler et al. 2004; Robinson et al. 2004 ) and in good agreement with the ( 234 U/ 238 U) 0 values obtained on corals drilled onshore Tahiti (Bard et al. 1996 (Bard et al. , 2010 (Figure 6 ). It is noteworthy that the ( 234 U/ 238 U) 0 measurements in our samples exhibit a smaller range of variation than the range fixed by the IntCal group (Reimer et al. 2009 ) as a screening criteria for corals younger than 17 kyr [( 234 U/ 238 U)) 0 = 1.147 ± 0.007, 3]. Indeed, our data are all consistent within the analytical reproducibility achieved in the course of the study (0.8‰, 2, n = 23), while previous data sets for the same period (Vanuatu, Papua New Guinea, and Barbados; Cabioch et al. 2003; Cutler et al. 2004; Fairbanks et al. 2005 ) generally showed ( 234 U/ 238 U) 0 variations larger than the analytical reproducibility ( Figure 6 ).
The initial ( 234 U/ 238 U) 0 values calculated for the samples older than 20 cal kyr BP yielded a mean value of 1.1416 ± 0.0075 (2, n = 7), in agreement with the range adopted by Reimer et al. (2009) for samples older than 17 kyr BP [( 234 U/ 238 U) 0 = 1.1417 ± 0.0078, 3]. Therefore, our results confirm that coral samples older than 20 kyr BP tend to have lower 234 U initial values than deglacial samples, probably reflecting real variability of past seawater 234 U/ 238 U ratios with time (Robinson et al. 2004; Esat and Yokoyama 2006) . In sum, after discarding 12 samples considering these various screening criteria, we retain 58 samples for the 10-16 cal kyr BP deglaciation period, with a higher resolution (33 data) for the 14.2-15.0 cal kyr BP time interval. The 7 samples older than 20 cal kyr BP all passed the screening tests. Figure 7 illustrates the comparison between the new results from Tahiti and the different types of data sets used in the IntCal04 and IntCal09 14 C calibrations (Reimer et al. 2004 (Reimer et al. , 2009 ), for the period from 10 to 18 cal kyr BP corresponding to the last deglaciation. The coral data are shown in Figure 7A , including samples from Araki, Barbados, and Kirimati ; Vanuatu and Papua New Guinea ; and Barbados, Tahiti, and Mururoa . A new reservoir age correction (Reimer et al. 2009 ) has been used for the corals from Barbados and Kirimati , and Vanuatu and Papua New Guinea ). The planktonic foraminiferal records from the Cariaco Basin (varved sections from Hughen et al. [2000 Hughen et al. [ , 2004a and non-varved sections tuned to the Hulu timescale from Hughen et al. [2006] ), and from the Iberian Margin (non-varved sediments, tuned to the Hulu timescale: Bard et al. 2004a,b) are illustrated in Figure 7B . The results are also compared with the IntCal04 and IntCal09 calibration curves in Figure 7C . In addition, Figure 8 compares the results published more recently on the Bahamas and Hulu cave speleothems.
Comparison with Previous Data Sets
The Tahiti results will be discussed successively for 4 different time windows: (i) from 10 to 14.25 cal kyr BP, where our new data are in good agreement with previous data sets validated by the IntCal group; (ii) from 14.25 to 15.0 cal kyr BP, where the Tahiti record provides an improved description of the age plateau corresponding broadly to the Bølling-Allerød transition and MWP1-A period; Figure 6 Repartition of the initial ( 234 U/ 238 U) 0 values calculated for deglacial Tahiti coral samples younger than 17 kyr (red bars) (mean value of 1.1454 ± 0.002, 2, n = 58) and older than 20 kyr (black bars) (mean value of 1.1416 ± 0.0075, 2, n = 7). The gray area marks the initial ( 234 U/ 238 U) 0 ratio screening criteria for coral younger than 17 kyr (1.147 ± 0.007, 3, Reimer et al. 2009 ). The average value measured in modern corals by Delanghe et al. (2002) (1.1466 ± 0.0028) is also reported (blue line with its 2 envelope). The ( 234 U/ 238 U) 0 values obtained from the corals drilled offshore are also compared to the ( 234 U/ 238 U) 0 values obtained from corals drilled onshore Tahiti (Bard et al. 1996 (Bard et al. , 2010 ) (gray bars). Bard et al. 1998 ). These data have been corrected from the reservoir age adopted by the IntCal09 (Reimer et al. 2009 ). (B) Comparison of the new results from Tahiti with the marine sediment records. The foraminifera record from Cariaco Basin varved sediments (orange crosses, Hughen et al. 2000 Hughen et al. , 2004a , the foraminifera record from Cariaco Basin non-varved sediments (brown crosses, Cariaco Basin-Hulu timescale, Hughen et al. 2006) , and the foraminifera record from Iberian Margin non-varved sediments (black crosses, Iberian Margin-Hulu timescale, Bard et al. 2004a,b) . The error bars for 14 C ages and U-Th ages are also given at the 2 level. (C) IntCal04 (purple) and IntCal09 (black) calibration curves (Reimer et al. 2004 (Reimer et al. ,2009 . Southon et al. 2012) , and with the Lake Suigetsu sediment record (black squares, Kitagawa and van der Plicht 2000) . The error bars for 14 C ages and U-Th ages are given at the 2 level. As the error bars for 14 C ages DCF-corrected for the Bahamas speleothem are large, the 14 C age error is plotted without the propagation of the DCF incertitude for clarity.
(iii) from 15.0 to 16 cal kyr BP, where our results shed new light on the large discrepancy between the coral records and the Cariaco Basin sediment record; and (iv) from 29 to 37 cal kyr BP, where the Tahiti record provides only a few new data sets but are especially important in terms of calibration for this time window.
i) The time interval from 10 to 14.25 cal kyr BP was already well documented by 115 samples from previous coral records (see Reimer et al. 2009 and references therein) . We add 20 new data for this period in very good agreement with all these previous records ( Figure 7A ). The new Tahiti results are also in good agreement with the Cariaco Basin sediment record within analytical uncertainty, except for 2 samples which are respectively slightly older (23 A 12.1 140-144) and younger (20 A 16.1 55-66) than the general trend depicted by the Cariaco record by about 1 century ( Figure 7B ). The good agreement between the Tahiti record and the previous coral records validates the reservoir correction used for this time period.
ii) The period from 14.25 to 15.0 cal kyr BP is characterized by a pronounced age plateau in the IntCal04 and IntCal09 calibration curves. As discussed in detail later, the 31 new Tahiti data sets we add to this interval enable us to refine the timing of this age plateau. We consider the broader interval, defined previously, in order to precisely compare the Tahiti results with: the 14 previous coral data available for this period ( Figure 8A) ; with the Cariaco record ( Figure 8B) ; with the Bahamas and Hulu cave speleothems (Hoffmann et al. 2010; Southon et al. 2012) ; and Lake Suigetsu sediments (Kitagawa and van der Plicht 2000) ( Figure 8C) . The shape of the plateau is now precisely constrained due to the enhanced resolution of our data over this time interval. When including all the 31 samples from 14.25 to 15.0 cal kyr BP, the average 14 C age is 12.577 ± 0.11 (1, n = 31). A linear fit through these points indicates a slope of 0.2, clearly lower than for the timespan before and after the plateau (slope of 0.87 and 0.76, respectively). The average 14 C age of the plateau, from 14.25 to 15.0 cal kyr BP, is somewhat older by about 120 yr than indicated by the Barbados and Vanuatu corals (12.457 ± 63, 1, n = 8 and 12.447 ± 161, 1, n = 6, respectively) ( Figure 8A ), the Cariaco record ( Figure 8B) , and lake Suigetsu sediments and Hulu Cave speleothem ( Figure 8C ). By contrast, the agreement is excellent with the Bahamas speleothem data ( Figure 8C ; 12.572 ± 0.132, n = 16). Nevertheless, in spite of these second-order differences, the main feature is that the average values of all these different records agree with each other within the 1 uncertainty for the period from 14.25 to 15.0 cal kyr BP. As recorded by the Tahiti samples, the end of the plateau is clearly registered at 14.25 cal kyr BP (Figures 8 and 9 ). By contrast, the beginning of the plateau is much less defined due to the scarcity of coral samples: it starts between 14.6 and 14.7 cal kyr BP. Indeed, 5 samples dated between 14.5 and 14.7 cal kyr BP define a clear dip in the middle of the plateau, with 14 C ages 150 yr younger than others. As discussed later, these samples that could mark the beginning of the plateau, corresponding exactly to the occurrence of MWP-1A in the Tahiti sea-level record.
iii) In the period before the plateau, we dated 7 new samples from 16 to 15 cal kyr BP ( Figure 8A ). These results are in good agreement with the 3 coral data previously available during that period (2 from Vanuatu ] and 1 from Mururoa ).
The results are also in good agreement with the Iberian Margin record (Bard et al. 2004a,b within error at 15.5 cal kyr BP. At 15.0 kyr, Tahiti corals are younger than Iberian Margin ages by 300 14 C yr ( Figure 8B) . By contrast, the coral data clearly mismatch with the Cariaco Basin record for that interval: while being essentially similar at the end of the plateau ~15 cal kyr BP, the Cariaco ages are already 400 yr younger than the corals at 16 cal kyr BP ( Figure 8B) . The difference increases towards older ages, and reaches 700 yr between the Cariaco and Iberian Margin record at 16.6 cal kyr BP (Figure 7B) . The Hulu Cave data set (Southon et al. 2012) fits in an intermediate position between the Cariaco and coral data set (~200 yr younger than the latter all along that period; Figure 8C ).
(iv) For the 29 to 37 cal kyr BP time period, the data provided by the Tahiti record are in good agreement with the corals from Barbados, except for the sample around 31 kyr BP (Figure 10 ). This last sample passed all our screening criteria but is in clear disagreement with the closest Tahiti data and with the Barbados data, so it can probably be considered an outlier. There are only a few new Tahiti data sets, but as the other coral data sets contain numerous gaps, each new measurement is crucial, as it contributes to improving the precision and the accuracy of the calibration curve for this time window. In addition, the good agreement between the 2 coral records validates the reservoir correction we used for this time period.
INTERPRETATION OF THE RESULTS
The compilation of 14 C- 230 Th/U coral data over the entire deglaciation period shows only 2 prominent 14 C age plateaus ( Figure 9A) . These 2 intervals are thus characterized by abrupt decreases of the atmospheric  14 C ( Figure 9B) , with rates of decrease comparable to the radioactive decay (0.025‰/yr). These abrupt drops are superimposed on the long-term decrease of atmospheric  14 C over the past 40 kyr that is due in large part to the geomagnetic modulation of cosmogenic isotope production (Bard et al. 1990a; Frank et al. 1997; Bard 1998; Laj et al. 2002; Köhler et al. 2006) .
The timing of the most recent plateau falls within the limits of the Younger Dryas (YD) climatic event. It began around 12.6 kyr BP after an initial  14 C rise of ~50‰ that occurred soon after the beginning of the Younger Dryas (YD) (Goslar et al. 1995; Hua et al. 2009 ). The end of the plateau occurred at ~11.5 cal kyr BP, broadly synchronous with the end of the YD event. The total decrease of atmospheric  14 C is ~100‰ during the YD 14 C age plateau ( Figures 7A,B and 9B) .
The oldest plateau is well documented by the new Tahiti record and corresponds to the transition between the Heinrich 1 and Bølling climatic events ( Figure 9A and B) . The end of the plateau is clearly registered between 14.25 cal kyr BP in the Tahiti data (Figure 8 and 9 ). By contrast, the beginning of the jump is much less defined due to the scarcity of coral samples. Its onset likely occurred between 14.7 and 14.6 kyr BP. This plateau corresponds to a sharp 14 C drop of ~100‰, synchronous with the onset of MWP-1A ( Figure 11) . It is noteworthy that the 14 C drop and MWP-1A are evidenced with the same coral record providing unambiguous evidence for their synchronicity and likely highlighting a causal relationship between them. They are also coeval with the strengthening of the Atlantic Meridional Overturning Circulation (AMOC) based on the 231 Pa/ 230 Th ratio of North Atlantic sediments (McManus et al. 2004 ) (while the timing relationship between the 14 C record and the AMOC changes is different for the later YD event) and with the initial warming of the Bølling climatic phase as observed in Greenland ice cores (Rasmussen et al. 2006) .
The available Tahiti data between 14.6-14.7 and 16.2 kyr BP are compatible with the other coral records and Iberian Margin sediment data (Figures 9, 11 ) By contrast, those 14 C data are all in significant contrast with the Cariaco record , which exhibits a sharp 150‰ decrease between 16.5 and 15 kyr BP (Figures 9, 11) . The new Hulu Cave speleothem record also shows a significant discrepancy (up to 60‰  500 yr) with the Cariaco record, but it is also somewhat higher than several individual data from Tahiti corals and Iberian sediments (Figures 9, 11) .
The residual discrepancy of ~300 yr between the Hulu and Tahiti data would disappear by assuming a larger reservoir age correction for Tahiti and/or a lower dead carbon fraction for the Hulu speleothems during the 17.5 to 15 kyr BP time window. At a low-latitude site like Tahiti, the only ways to increase the surface reservoir age are through upwelling of old water at the surface or by changing wind speed that controls the CO 2 exchange with the atmosphere (Bard 1988) . Figure 9 A) Occurrence of 14 C age plateaus for the whole deglaciation period. The different marine data sets are plotted together. The record based on Hulu Cave speleothem H82 (inverted purple triangles, Southon et al. 2012) has also been reported. The 14 C age plateaus in the calibration are marked with boxes, between 11.5 and 12.8 kyr BP and between 14.2 and 14.6 kyr BP. Symbols: same as in Figure 6 ; B) Atmospheric 14 C as calculated using the new 14 C results obtained on the corals from Tahiti plotted with the atmospheric 14 C calculated from the other records (Reimer et al. 2009 ) and with the 14 C record based on Hulu Cave speleothem H82 (Southon et al. 2012) . The black boxes highlight the rapid drops in the atmospheric 14 C record corresponding to the 14 C age plateaus in A. The solid black line approximates the long-term trend of atmospheric 14 C. Symbols: same as in The first effect can be illustrated by the corals from the Galapagos, which exhibit an average reservoir age of 500 yr (Druffel et al. 2004) , thus larger than applied for Tahiti (300 yr). However, the location of the Galapagos Islands is very peculiar in the ocean, as it is influenced by old and nutrientrich waters transported by currents from the eastern Pacific. By contrast, Tahiti is located within the main subtropical gyre of the South Pacific, a situation quite different from the Galapagos.
It is generally considered that wind speeds were higher during the last glacial period as a response to a steepened temperature gradient between low and high latitudes (Rea 1994; McGee et al. 2010) . Increasing the wind-speed velocity by 50% on average would increase the CO 2 piston velocity, thereby leading to a reduction of the reservoir age by ~250 yr (Bard 1988 ). This first-order calculation based on a box-diffusion model is certainly a maximum value as increased wind speed also favors mixing with older water from below the surface box. In addition, the atmospheric CO 2 concentration was lower during the glacial period (190 vs. 280 ppm, Lourantou et al. 2010) , which led to an increase of the reservoir age by ~175 yr for the full change between LGM and Holocene values (Bard 1988 (Bard , 1998 . Tahiti sea-level curve reconstructed from U-Th dated corals in long holes drilled onshore and offshore Tahiti Island (from Deschamps et al. 2012) . Gray symbols correspond to coral samples collected in onshore holes (Bard et al. 1996 (Bard et al. , 2010 , while colored symbols represent samples collected in offshore holes drilled during the IODP Expedition 310 ). The thick blue line represents the lower estimate of the RSL curve. The occurrence of the MWP-1A is highlighted by the blue time window; C) Atmospheric CO 2 mixing ratio evolution during the last deglaciation. Data from EPICA Dome C and Talos Dome ice core (Lourantou et al. 2010; Schmitt et al. 2012 ).
In addition to these global changes in 14 C reservoir ages, we also need to take into account the possibility of local variations linked to regional climate changes, in particular during the H1 event. As shown by various isotopic proxies (Keigwin and Lehman 1994; McManus et al. 2004; Piotrowski et al. 2005) , the AMOC was significantly reduced during this massive freshwater input to the North Atlantic. In the tropical Pacific, the main consequence was a southward shift of the Intertropical Convergence Zone (ITCZ) (e.g. Leduc et al. 2009 ), which probably affected the surface ocean circulation.
Maps of surface wind speed show that the ITCZ corresponds to a regional minimum between 2 maxima linked to the tradewind belts of the Northern and Southern hemispheres (e.g. Capps and Zender 2008) . Consequently, a southward shift of the ITCZ might have led to a wind speed decrease in Tahiti. The direct effect would have been a decrease of the CO 2 piston velocity, leading to an increase of the reservoir age. For instance, a 25% decrease of local winds leads to an increase in reservoir age of 340 yr, enough to reconcile the Tahiti and Hulu data.
Other regional changes could have also influenced the tropical Pacific during glacial and deglacial periods. There is still a debate on the variability of ENSO during abrupt climatic changes identified in Greenland and the North Atlantic (e.g. Leduc et al. 2009 ). Nonetheless, a greater influence of ENSO in Tahiti (Felis et al. 2012 ) could have been accompanied by hydrological changes that may have affected the surface reservoir age.
Performing simulations with an ocean-atmosphere model is the only way to go beyond simple analogies with sites such as the Galapagos or first-order quantification of single processes with a boxdiffusion model at steady state. Based on a model of intermediate complexity, Delaygue et al. (2003) showed that a strong meltwater discharge in the North Atlantic may lead to a transient decrease of up to 200 yr of the reservoir age of the equatorial Pacific. Butzin et al. (2005) performed simulations with a more sophisticated ocean model with various glacial conditions, including massive freshwater input into the North Atlantic. The tropical Pacific surface reservoir age exhibits a general increase by ~300 yr for glacial age conditions. However, freshwater injection experiments do not seem to produce large reservoir age changes, although Butzin et al. (2005) mention that regionalscale effects may not be fully captured by their model. As stressed by these authors, fully coupled ocean-atmosphere models are still needed to simulate in a realistic way the changes of the ocean surface 14 C ages. Such modeling work, beyond the scope of our paper, should help determine if the various effects mentioned above compensate each other or if a residual variation existed in Tahiti.
Variations of the reservoir age may have also affected the Cariaco record over the period corresponding to the H1 event, which could explain its discrepancy with other independent data (Tahiti corals, Iberian Margin sediments, and Hulu Cave speleothems). A similar problem was already observed for the first half of the YD event (Muscheler et al. 2008; Hua et al. 2009; Reimer et al. 2009 ). The proposed hypothesis is a transient reservoir age change at the site of Cariaco. The sign of the discrepancy implies that the 14 C reservoir age basically dropped to zero during half a millennium at this site. As explained above, an increase of wind velocity during the H1 interval might have caused a significant reduction of the reservoir age within the Cariaco Basin.
The H1 and YD share many similarities, so much so that some authors even use the term H0 for the YD. Both events are characterized by a reduced rate of ventilation of the deep ocean (Keigwin and Lehman 1994; McManus et al. 2004; Piotrowksi et al. 2005) , which should have impacted the 14 C distribution between the surface and deep oceans. Consequently, a similar hypothesis could be proposed to explain the observed discrepancy during H1. However, the magnitude of the shift would imply that the reservoir age was negative at Cariaco, which seems unlikely. This problem is rein-forced by the modeling work of Butzin et al. (2012) who showed that the reservoir age at Cariaco should have been larger during that time period, which would increase the discrepancy with other data.
In order to be exhaustive regarding the observed discrepancies during H1, it is important to mention the possibility of a bias in the Hulu Cave data. Similar to marine sediments, the 14 C ages are corrected for a dead carbon fraction (DCF). Southon et al. (2012) have shown that the DCF remained constant over a 3-kyr timespan between 10.7 and 13.9 kyr BP, including climatic periods such as the YD, the Allerød, and Early Holocene (characterized by dry or wet climate at this site; Wang et al. 2001 ). Although they admit that "the exceptional stability of the H82 DCF remains a puzzle," Southon et al. have assumed that it remained constant for older periods between 14 and 26 kyr BP. Besides the residual discrepancy with Tahiti data during the H1 event (see above), the Hulu data are also systematically younger (~300 yr) in 14 C than other available data between 20 and 26 kyr BP, corresponding to the last glacial maximum (corals from various sites and Lake Suigetsu varved sediments; cf. Figures 6 and 7 of Southon et al. 2012) . One could invoke large changes of surface ocean reservoir ages at all sites, at the same time as missing varves in the lacustrine record (Kitagawa and van der Plicht 2000) . A time-variable DCF would be a more parsimonious explanation, but it would imply a strongly reduced value during drier periods such as H1 and the LGM.
CONCLUSION
This work, based on the comparison of 14 C and U-Th ages in Tahiti coral samples, provides a new data set to the 14 C calibration for the last deglaciation period, including a higher resolution for the 14-16 cal kyr BP time interval. These new results are in good agreement with previous coral data sets and they extend the previous Tahiti records beyond 13.9 cal kyr BP, which was the oldest U-Th age obtained on cores drilled onshore in the modern Tahiti barrier reef.
The numerous data obtained for the 14-15 cal kyr BP time period enable us to refine the 14 C age plateau. This age plateau is associated with a period characterized by an abrupt decrease of atmospheric  14 C that might reflect changes in the global carbon cycle due to variations in the rates of exchange between the different carbon pools. It is difficult to directly evaluate the exact sequence of perturbations of the global carbon cycle, as well as their relationships with the abrupt events that punctuated the deglaciation, i.e. the Bølling warming, the MWP-1A event, and the increase of the atmospheric CO 2 . The changes in strength or configuration of the deep-ocean circulation may have been the main causes of the observed variation of the  14 C during this time interval.
For the end of H1 period, the Tahiti record agrees with other corals and the Iberian Margin data sets but disagrees with the Cariaco Basin record. The observed discrepancies between the coral data set and the Cariaco Basin record could be related to changes in the western subtropical Atlantic reservoir ages during the mystery interval period, as was the case during the Younger Dryas event.
Numerical simulations by means of carbon cycle models should clarify the relationships between the fluctuations in 14 C records newly refined by the Tahiti record for the deglaciation period and changes in the global carbon cycle due to variations in the rates of exchange between the different carbon pools. In particular, the relation between the drop in 14 C record that produced the 14 C age plateau between 14-15 cal kyr BP and changes in the deep-ocean ventilation caused by the synchronous massive injection of melt water (MWP-1A) remain to be explored.
